The problem of fouling in the heat exchangers of exhaust systems has yet to be resolved. This results in enormous costs for engine manufacturers due to the required over-sizing during design and due to unscheduled maintenance needs.
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Introduction
In recent years, the requirements imposed on exhaust systems have rapidly increased; turbochargers, intercoolers, catalysts, regenerators, filters, heat exchangers, and a growing number of antipollution devices are now required. All of these systems suffer from a common problem: they are damaged by fouling, one of the most important design parameters in exhaust gas systems [1] .
Fouling is defined as the presence of any foreign substance that is adhered to the heat transfer surface and causes negative effects. It is a complex phenomenon that is influenced by factors such as design, operating conditions, fuel, and oil. The deposition of fouling material on the heat transfer surface decreases thermal transmission [2] and, in most cases, creates an additional layer of material that reduces the flow section and thereby results in pressure losses [3] . Monitoring the evolution of this pressure loss to account for the fouling layer requires expensive control loops and sensors. An understanding of the mechanisms involved in the process and a characterisation of the properties of the accumulated mass are important for the development of effective mitigation techniques.
In this research, a test bench was developed to measure the amount of mass deposited and the local thickness of the fouling layer on devices exposed to diesel exhaust gases. Examination of the deposits adhered to the walls of the probes showed that solid carbon and condensed hydrocarbons were the main constituents of the fouling layer, as observed by other authors [4] , and that particle deposition seemed to be the most important mechanism during fouling [5] .
In general, the growth of the soot layer can be driven by different physical mechanisms, including sedimentation, interception, diffusion, inertial impaction, electrostatic attraction, thermophoresis and gravitational settling. These mechanisms depend on the nature and size of the particles present and the operating conditions. Fouling is commonly divided into three steps, as proposed by Bott [6] ; Epstein expanded this division to include five steps [7] . First, particles are transported from the duct core toward the vicinity of the walls. This transport is related to the particles' relaxation time + p t , which characterises the extent to which the drag forces experienced by a particle are affected by fluid velocity changes caused by turbulence. After reaching the proximity of the boundary layer, the particles may travel through this layer because the turbulent effects are substantially decreased and become deposited on the surface.
Deposition is a strongly size-dependent process. For + p t < 0.1-0.2 (in air, particles diameter below 0.1-0.2µm), the deposition rate is mainly controlled by Brownian diffusion and turbulent dispersion when the temperature gradient is zero. When a temperature gradient exists in the above range, the thermophoretic force becomes important [5] . In the range 0.1 < + p t < 10, (particle diameter between 1-10µm in air), thermophoretic effect decreases as to respond to the eddies fluctuations near the wall, therefore, turbophoretic effects becomes less important [8] .
Soot particles in diesel exhaust gases are in the range of 8 5 10~10 m − −
, with most typical values on the order of 8 7 10~10 m − − [4] . The submicron scale of these particles and the high temperature gradients typical in exhaust systems make thermophoresis the most important deposition effect [9] . When the particles reach the wall at low velocities, chemical and electrostatic forces, such as van der Waals forces, enable sticking or adhesion [10] .
In the reverse process, particles are removed and detached from the fouling layer. This process was described by Epstein [11] as dissolution, erosion and spalling. This step, which has likely received the least amount of attention from researchers, involves several mechanisms including turbulent bursts, electrostatic double layer forces [10] , and the impacts, rolling and scrubbing actions associated with particles [12, 13] . Removal is considered to be strongly linked to velocity [14] . Finally, the last process is the change of residue properties with time, a process referred to as ageing.
When fouling is dominated by particulate deposition, a stable or asymptotic thickness may be reached [15] . Several researchers, including Messerer et al. [16] and Grillot and Icart [5] , have studied the evolution of asymptotic fouling. The most accepted explanation of this phenomenon is that, in confined flows, deposits attenuate heat transfer and increase shear stress. This reduces temperature gradients, which thereby decreases thermophoretic deposition and increases the removal effect, leading to an equilibrium situation [15] .
Most previous research has evaluated fouling at a global scale under controlled conditions with plastic or metal particles. In this study, the real working conditions of a diesel exhaust device were reproduced to generate a fouling layer on a cylindrical probe. The local depth of the deposited layer was compared with the local levels of thermophoresis and shear stress, which oppose these forces at a local scale.
Experimental set-up
Several reasons justified the experimental setup chosen: the fouled surface can be extracted for its weight and optical inspection, the system generates low backpressure to the engine assuring its stable operation during the test, the shear stress distribution over a cylindrical probe is well documented, it is easy to generated cases with different level of refrigeration, and the geometry generated the range of Reynolds and p t + we were looking for. In addition, it is easy to simulate numerically which can be useful for the validation of fouling submodels.
The gases used in this fouling study were produced with a CGM10DW generator set composed of a
Lombardini LDW 702 and a single pole alternator. In this system, gases were exhausted from a twocylinder engine working at 3000 . . . r p m submitted to a 6 kVA resistive load. The engine supplied a constant mass flow of approximately 60 / kg h up to approximately 650 K . The exhaust gases supplied by the engine arrived through a bifurcation that split the gases between two parallel pipelines, in which two identical automotive EGR coolers were positioned. Before and after each EGR cooler, cylindrical probes were exposed to the gas. The measuring section is shown in Figure 1 .
The pressure and temperature measurements were collected with thermocouples and pressures gauges, the locations of which are shown in Figure 1 . The positions of the sensors were selected according to the recommendations of each manufacturer. The pressure sensors were of the membrane type and had an accuracy of 0.05 mbar ± , a relative maximum of 500 mbar and an absolute maximum of 10 bar absolute. The temperature sensors were A class sensors designed for high temperatures (up to 600 º C ).
In the coolant circuit, three wire PT100 temperature sensors were used. When necessary, the check valves at the entrance of the test section could be closed to derive the entire mass flow rate of exhaust gases through a single section of the arrangement ( 60 / kg h ); opening both sides introduced 30 / kg h of exhaust gas into each section.
With this layout, the probes positioned before the heat exchanger (the precooler probes) were subjected to conditions similar to those found at the entrance of EGR coolers, while the probes positioned after the heat exchanger (the postcooler probes) operated under conditions typical of the colder parts of EGR coolers. Due to the weakness of the fouling layer, several attempts to introduce an insertion probe into the heat exchanger to directly measure fouling were unsuccessful.
Finally, the gas under the desired conditions crossed the instrumented section, with the thermocouples and pressures gauges connected to a CPU control system to guarantee stability of the test conditions.
Measurements were taken every 100 s and were subsequently stored and averaged. After passing through the control area, the exhaust gases exited the apparatus.
The coolant circuit, shown in Figure 1 , was a closed loop of heating-refrigeration equipment controlled by thermocouples, a flowmeter and a control valve that governed the pumping group in the range of 200 to l h . The coolant fluid was water, and it flowed through the shell side of both heat exchangers. The system maintained the gas temperature in the test section of the postcooler tubes at a constant value.
The cylindrical probe exposed to the cross-flow consisted of a straight AISI 316L tube with an external diameter of 16 mm and a thickness of 1mm positioned transverse to the exhaust gas tube, which had an inner diameter of 53 mm . The blockage ratio, or the cylinder/shell cross-sectional area ratio, was 0.385 .
The gas flowed around the exterior of the test tube while the coolant flowed through the tubes. The overall experimental uncertainty was calculated on the basis of a 95% confidence level, as recommended by Moffat [17] . Using this method, the uncertainties of the measurements were as follows:
the fluid temperatures had a tolerance of 0.35 º C ± to 100 º C and 0.95 º C ± to 400 º C [18] ; the air flow rate was 0.5 1% ± of the measured values; the water flow rate was 1.5% ± of the measured values; and the fouling thickness was 1micron ± .
Experimental procedures
For these studies, all tests were conducted under steady-state conditions. To ensure uniform working conditions, the engine was warmed until all parameters, including the engine temperature and . . . r p m , were stabilised. The exhaust gas flows through a bypass circuit in this step. Due to the low efficiency of the probes as heat exchangers, determining the point at which they reached a steady fouling condition was difficult. Assuming an asymptotic evolution of fouling, each test was conducted until all experimental parameters reached a steady level to ensure stabilised conditions. Thus, the end of each test was determined by the efficiency loss of the intermediate heat exchangers in the system.
The experimental program comprised changes in three variables: gas mass flow rate ( 30 / kg h and 60 / kg h ), coolant temperature ( 90 º C , uncooled) and gas temperature, which could vary with the performance of the coolers. Eight different combinations were possible, with a Re number ranging from 7000 to 30000 and a dimensionless particle relaxation time p t + of 0.1 to 1 for the typical exhaust particle size. Therefore, all tests fell into the subcritical regimen [19] , and the influence of the thermophoresis effect was strong [8] .
The exact procedure for each test is described below.
• In clean conditions, before starting the test, each probe and each heat exchanger were weighed using an 0.001g ± accuracy balance.
• The engine was started and allowed to run until the entire system was warm.
• Exhaust gas started to flow through the experimental section.
• During the test, the temperature, pressure drop and thermal efficiency were monitored.
• Once these parameters reached a steady state, the test was completed.
• The fouled probes and heat exchangers were then carefully removed and weighed.
• The fouling layer of each probe was measured using a profile projector with a 200x magnification lens. Profiles were taken every 5 mm in the longitudinal direction and every 45º in the angular position; both end measurements were rejected. Later, all points were numerically smoothed to obtain an average profile.
•At the end of each test, the coolers were cleaned in an ultrasound cleaning bath.
Dismantling the probes was a difficult operation due to the low consistency of the residue and its tendency to crumble. This agrees with the idea that fouling is controlled by particle deposition. Finally, the mass of each probe was scraped and submitted to thermogravimetric analysis, as proposed by Stratakis [20] ; that is, the oil and fuel evaporation curves were analysed separately ( Table 1 ). The deposits in the lower mass flow rate cases consisted of roughly twice as much hydrocarbon as those in the higher mass flow cases. Although there is no general consensus on the importance of this substance [21] , researchers have claimed that it affects adhesion and the sticking of particles to walls [14] .
As mentioned above, the effect of fouling on the thermal efficiency of the probes was imperceptible; therefore, the parameter used to determine the end of each experiment was the thermal efficiency of the coolers. In all cases, the efficiency of the coolers followed the same pattern (Figure 3) , and the conventional definition of efficiency [22] , Eq.(1), was used:
Results
A total of 18 tests were performed (Table 2) . No considerable differences between the horizontal and the vertical tubes were observed; hence, gravity effects could be neglected. This is in agreement with other researchers who have noted that gravity is negligible for small particles ( 5 p r m µ < ) [23] .
As mentioned previously, to reduce the uncertainty of the experiments, the profile of the fouling layer was measured longitudinally and averaged. Therefore, one mean value was obtained for each angular position, and an equivalent profile of the fouling layer over each probe was produced. The fouling layer thickness on each probe is shown in Figure 6 and Figure 7 . As shown in these figures, the cross-sections of the fouling layers had similar morphologies. In all cases, some common aspects were observed. The flow incidence region is clearly shown in Figure 6 and Figure 7 , and the appearance of the fouling matter was somewhat different. The main parameters obtained during the experiments are summarised in Table   2 .
The profile of the deposit is shown in Figure 4 and analysed in more detail in Figure 5 . In these images, the deposit compositions were compared for three normal planes: I, II, and III, which correspond to incidence with the probe, the lateral side of the probe and the back side of the probe, respectively.
Changes in all cases in plane II were apparent, even to the naked eye. These differences were attributed to the action of different deposition mechanisms; thermophoresis was mainly responsible for the smoother look of plane III and the particulate impacts in plane I.
Discussion

Mean values
In this research, two parameters were known to directly affect the overall fouling layer: velocity and temperature gradient. Increases in the mean velocity of gas flow resulted in decreases in the amount of fouling deposition. This relationship was demonstrated by Lepperhoff and Houber [14] , and its reduction is associated with the removal effects, as studied by various authors [11, 24] . The link between velocity and fouling has been attributed to the impact of particles on previously deposited particles, to scrubbing action, to the collapse of thick layers, to reentrainment caused by round stressing, to the electrostatic double layer force, and to the turbulent nature of fluid as turbulent bursts.
The temperature gradient effect is closely related to thermal diffusion or thermophoresis. The importance of this deposition mechanism has been exhaustively studied theoretically with models [25] , experimentally with latex particles [26] , and specifically with soot particles [27] . The authors of these studies have indicated the importance of thermophoresis for small particles.
As Table 2 . This thermophoretic effect produced a mean mass increase of 46.8% .
Critical flow concept
The critical flow concept is one explanation for the relationship between the flow velocity and the amount of fouling suffered by a wall [28] . Under the assumption that rolling is the major removal mechanism, the critical velocity can be calculated. It is defined as the mean flow velocity at which the rolling moment is equal to unity. Velocity values higher than the critical value suggest the rolling of deposited particles and, hence, their movement through the wall.
( ) ( )
The rolling moment ratio given in Eq.(2) compares the hydrodynamic rolling moment to the adhesion resting moment [29] , where F d is the drag force; δ is the particle deformation; F adh , F g , F l and F b are the adhesion, gravity, lift and buoyancy forces, respectively; and d is the contact diameter.
The critical wall velocity obtained from M. S. Abd-Elhady et al. [30] was compared with results from similar conditions and several surface energy values ( Figure 8 ). As shown in this figure, the critical gas velocity strongly decreased as the particle size decreased, and it was also strongly influenced by the surface energy of the particles. The critical shear stress, which corresponds to the critical flow velocity, is defined as the shear stress at which the rolling moment is equal to unity. Therefore, shear stress values higher than the critical value result in the rolling of deposited particles. For a given particle diameter, the critical wall shear stress , can be obtained, assuming a constant friction factor f, from Eq.(4):
where u τ is the friction velocity. Finally, the wall shear stress can be calculated with Eq. (5):
(5) Figure 9 shows the wall shear stress rates for the two different flow velocities tested. This figure shows the importance of redefining a local parameter to at least partially explain the final fouled cross-section.
In the areas where the wall shear stress exceeded the critical value for a given particle diameter (i.e., in the figures, ratios larger than 100%), the rolling action should have prevented deposition of the largest particles. Moreover, the rolling of the largest particles probably affected the removal of other sized particles by impacting them; thus, these areas tended to have smaller deposit thicknesses, as shown in Figure 6 and Figure 7 . This rate is obviously larger in Figure 9 -a than in Figure 9 -b due to the higher velocity. These critical wall shear rate profiles indicate the changing tendency in the size of particles deposited on the separation flow area, and this agrees with the visual results shown in Figure 5 .
The importance of using a more local removal parameter (critical shear stress) in place of a mean measure The critical wall shear stresses (Figure 9 -a) and the fouling thicknesses from two experimental tests (plotted on a magnified scale for clearer comparisons) are superimposed in Figure 11 . As shown, the windward (left) half of the tube showed similar behaviour in both cases. The thickness peaks coincided at the stagnation point, where the minimum shear stress was observed. The valleys or minimum fouling thicknesses were found at approximately 40º ± from the stagnation point, where the critical shear stress value was exceeded for the larger particulates.
On the leeward side (right), the difference between the cooled and un-cooled tests was more pronounced.
The un-cooled probe was approximately inverse to the lobular critical shear profiles, whereas the cooled probe was apparently unaffected by the local level of shear stress. Moreover, it exhibited more than twice the thickness of the un-cooled probe. Visual inspection ( Figure 5 ) confirmed these changes in the size of the deposited particles.
Conclusions
An experimental apparatus was built to investigate the shape and size of the fouling layer deposited by exhaust gases on the surface of cylindrical probes positioned transverse to the flow of the gases. To account for thermophoresis, cooling water was passed through the interior of the probes. This configuration enabled us to collect measurements of the thickness of the fouling layer deposited at different angular positions and the total deposited mass under different operating conditions. A heat exchanger inserted between the two probes enabled the time at which the coolers experienced asymptotic fouling to be assessed at the end of each test.
As expected, increases in the temperature gradient considerably increased the overall thickness of the fouling layer, thus establishing the importance of thermophoresis in the deposition process in diesel exhaust.
The fouling layer profiles at different angular positions, with peaks and valleys, were evaluated. The minimum height occurred at both sides of the stagnation point in all cases.
Reductions in the deposited mass induced by flow velocity increases were also evaluated. This effect has been related to a critical flow velocity that enhances erosion; however, this concept cannot be applied at a local scale. Hence, the critical wall shear stress concept was derived and introduced to quantify local erosion. The analysis and discussion of critical values given here in illustrate the importance of local effects in the deposition of particles. In this study, the shear stress of the clean cylindrical probe was used for simplicity and to avoid simulations of the local shear stresses of the fouled shape. Nevertheless, the fouled cross-section profiles obtained around the cylinders showed a clear connection between erosion and the local shear stress profile.
Tests at different Re numbers and instantaneous measurements of the evolution of the fouling layer will clarify some of the uncertainties identified in this study. However, it can be concluded that the depth of the fouling layer deposited on surfaces exposed to diesel exhaust gases can be related to the local shear stress. 
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